INTRODUCTION
============

Type 1 diabetes mellitus, a chronic condition characterized by the autoimmune destruction of pancreatic islets and an inability to regulate blood glucose, affects millions of patients worldwide ([@R1]). Exogenous insulin administration does not accurately recapitulate normal glucose dynamics, and diabetic patients face recurrent and life-threatening hypoglycemic episodes and serious secondary complications, such as retinopathy, neuropathy, and nephropathy ([@R2]). Islet transplantation is a promising cell therapy for the treatment of type 1 diabetes mellitus, with the potential to restore normal blood glucose regulation and eliminate secondary complications ([@R3]). Clinical trials with intrahepatic allogeneic islet transplantation have demonstrated insulin independence in diabetic patients, but the median duration of insulin independence is only 35 months and requires multiple donor pancreata ([@R4]). Although clinically accessible for islet delivery, the hepatic vasculature is an inhospitable transplant site, as evidenced by suboptimal performance of grafts in islet autotransplantation after total pancreatectomy ([@R5], [@R6]). Instant blood-mediated inflammatory responses to intraportally infused islets contribute to rapid graft destruction ([@R7]--[@R9]), resulting in an immediate loss of 50 to 60% of the graft ([@R10]), a substantial barrier to the translation of this therapy. Further graft destruction is mediated by both innate and acquired immune responses, even with chronic immunosuppressive regimens ([@R11]).

Various extrahepatic transplant sites have been explored to avoid instant blood-mediated inflammatory response--instigated graft loss, including the subcutaneous (SUBQ) space ([@R12]--[@R16]) and laparoscopically accessible intraperitoneal locations, such as the small bowel mesentery (SBM) ([@R17], [@R18]) and omentum ([@R19]--[@R22]) or the murine omentum equivalent, the epididymal fat pad (EFP) ([@R23]--[@R25]). Although the accessibility of these extrahepatic sites is appealing, these tissues present varying degrees of vascular supply and inflammatory responses, which influence islet survival, engraftment, and function ([@R26]--[@R28]). Preclinical models using intraportal, renal subcapsular, or splenic subcapsular transplant sites have demonstrated that reestablishment of blood flow to islets requires days to weeks ([@R29]--[@R31]), resulting in ischemic conditions during the revascularization period and a vascular bed with lower vessel density and oxygen tension than in the native pancreas ([@R32], [@R33]). This inadequate revascularization of transplanted islets is a major cause of reduced islet viability, function, and engraftment ([@R34]--[@R36]). Delivery of provascularization factors via genetic manipulation of islets or biomaterials has shown improved vascularization and islet function ([@R24], [@R37]--[@R42]). However, these strategies are hindered by suboptimal pharmacokinetics, inadequate delivery matrices, and technical and safety considerations, and evaluate impracticably large islet masses in a limited diversity of sites.

Here, we report a synthetic hydrogel vehicle engineered to enhance extrahepatic site vascularization. We evaluate the impact of this vasculogenic hydrogel on islet engraftment and function in three extrahepatic sites: SUBQ, SBM, and EFP. This versatile hydrogel facilitates minimally invasive and facile cell delivery to extrahepatic sites and enhances islet survival compared to the suboptimal clinical intrahepatic site. Furthermore, this biomaterial-based strategy enables the restoration of euglycemia via the islet yield from a single pancreatic donor, which is a clinical limitation in diabetes reversal due to limited donor availability and increased rejection risk posed by multiple donors, suggesting that its implementation could improve clinical outcomes in islet autotransplantation after total pancreatectomy and reduce the burden on donor organ availability in clinical islet transplantation for type 1 diabetes mellitus patients.

RESULTS
=======

Localized vascular endothelial growth factor delivery via synthetic hydrogel induces vascularization to different degrees among extrahepatic transplant sites
-------------------------------------------------------------------------------------------------------------------------------------------------------------

We explored the ability of a synthetic hydrogel to promote localized vascularization in extrahepatic transplant sites via controlled delivery of vascular endothelial growth factor (VEGF) ([Fig. 1](#F1){ref-type="fig"}). This poly(ethylene glycol) (PEG) hydrogel consists of maleimide-functionalized, four-arm macromers cross-linked into a network using protease-degradable peptides ([@R17], [@R43]). The hydrogel is functionalized with RGD adhesive peptide to promote cell adhesion and ingrowth; VEGF is tethered into the hydrogel network and released in a sustained, on-demand fashion, as infiltrating host cells remodel the gel via proteolytic degradation within a 2- to 4-week period ([@R17]). VEGF-containing (PEG-VEGF) and control (PEG) hydrogels (50 μl) were polymerized in situ within the SUBQ space or onto SBM or EFP tissue in C57BL/6J recipient mice (fig. S1). Two or 4 weeks after implantation, mice were perfused with fluorescently labeled lectin to identify functional vasculature. Explanted grafts were whole mount--imaged using confocal microscopy ([Fig. 2A](#F2){ref-type="fig"}); the pancreas, liver, and kidney were imaged for reference to native tissue, the current clinical site, and a common preclinical implant site, respectively. Several parameters characterizing the resulting vascularization were evaluated for PEG-VEGF (purple box plot) and control PEG hydrogels (blue box plot) at weeks 2 (open box plots) and 4 (filled box plots) ([Fig. 2](#F2){ref-type="fig"}, B to E) and compared to pancreatic vasculature (dashed line). Differences in vascularization responses to PEG-VEGF hydrogels were observed among alternative transplant sites, particularly by the fractional area metric ([Fig. 2B](#F2){ref-type="fig"} and table S1). By week 4, the SUBQ site exhibited minimal vascularization compared to the pancreas reference (*P* \< 0.002 and *P* \< 0.01 for PEG and PEG-VEGF, respectively), and vascularization at this site was relatively insensitive to VEGF delivery; the SBM site had comparable vessel fractional area to the pancreas reference for PEG-VEGF groups and little evident improvement over PEG within the same site. Notably, by week 4, PEG-VEGF hydrogels delivered to the EFP enhanced vascularization fractional area, total branch length, junction number, and branch number to significantly greater levels than the SUBQ/PEG-VEGF site (table S1). Together, this analysis demonstrates transplant site--dependent differences in vasculogenesis in response to VEGF-delivering synthetic hydrogels.

![Schematic demonstrating vasculogenic, proteolytically degradable synthetic hydrogel structure, islet delivery strategy, and localized gel remodeling within extrahepatic transplant sites.](1700184-F1){#F1}

![Localized VEGF enhances vascularization in extrahepatic transplant sites.\
(**A**) Recipients of PEG-only or VEGF-presenting hydrogels were lectin-perfused at 2 or 4 weeks, and excised grafts were whole mount--imaged. Scale bars, 200 μm. Vascular characteristics of blood vessel fractional area (**B**), total branch length (**C**), junction number (**D**), and branch number per field of view (FOV) (**E**). Dashed line and shaded region represent average and SEM for pancreas reference, respectively. Minimum to maximum box-and-whisker plots, *n* = 5 to 7 per group. † versus SUBQ within the same time point (^††^*P* \< 0.01 and ^†^*P* \< 0.05); × versus pancreas control (^×××^*P* \< 0.001, ^××^*P* \< 0.01, and ^×^*P* \< 0.05); evaluated by Kruskal-Wallis nonparametric tests with Dunn's multiple comparison.](1700184-F2){#F2}

Extrahepatic sites exhibit varying leukocyte densities in response to synthetic gels
------------------------------------------------------------------------------------

We examined transplant site inflammatory cell densities 4 weeks after hydrogel delivery as site-specific innate immune responses may influence islet engraftment and survival ([@R44]). PEG-VEGF and control PEG hydrogels were delivered to the three transplant sites, and inflammatory cell recruitment was evaluated by immunostaining ([Fig. 3A](#F3){ref-type="fig"}). Significant differences in CD45-positive leukocyte percent area were observed among extrahepatic transplant sites ([Fig. 3B](#F3){ref-type="fig"} and table S2), with high leukocyte presence in the SUBQ site (2.0 and 1.1% for PEG and PEG-VEGF, respectively) and decreasing densities for SBM (0.3% for both PEG and PEG-VEGF) and EFP sites (0.2 and 0.03% for PEG and PEG-VEGF, respectively), with the SUBQ site exhibiting an 80-fold (*P* \< 0.001) and 40-fold higher (*P* \< 0.05) leukocyte expression than EFP/PEG-VEGF for PEG and PEG-VEGF groups, respectively. This trend was also observed for the leukocyte myeloid marker CD11b. These site-specific differences in inflammatory cell recruitment are inversely proportional, by linear nonparametric correlation, to the trends in vascular fractional area for both CD11b (*P* = 0.0583) and CD45 (*P* = 0.0167) markers (fig. S2), where PEG-VEGF recipient sites exhibited reduced resident leukocyte density over PEG controls. Overall, these results show transplant site--dependent responses to vasculogenic hydrogels, with the EFP site demonstrating the lowest degree of inflammatory cell recruitment and equivalent levels of vascularization as native pancreatic tissue.

![Leukocyte density varies within extrahepatic transplant sites 4 weeks after hydrogel transplantation.\
(**A**) Extrahepatic transplant site tissue explanted at week 4 after implantation was stained for CD45 (white) and CD11b (magenta) and was imaged for functional vasculature \[lectin (green)\] and cell nuclei \[DAPI (4′,6-diamidino-2-phenylindole) (blue)\]. Scale bars, 50 μm. (**B**) CD11b and CD45 staining was quantified and normalized to FOV area. *n* = 4 to 7 subjects per group. \**P* \< 0.05, \*\**P* \< 0.01, and \*\*\**P* \< 0.001, evaluated by Kruskal-Wallis nonparametric tests with Dunn's multiple comparison.](1700184-F3){#F3}

VEGF hydrogel enhances islet engraftment and function in extrahepatic sites
---------------------------------------------------------------------------

We next examined the effects of vasculogenic hydrogels on the engraftment and function of a single pancreatic donor islet mass in extrahepatic transplant sites, a clinical limitation for diabetes reversal in islet autotransplantation after pancreatectomy and clinical islet transplantation for type 1 diabetes mellitus. We delivered 600 syngeneic islet equivalents (IEQs), the yield from a single C57BL/6J donor mouse, to the SUBQ, SBM, and EFP sites in streptozotocin-induced diabetic mice using PEG-VEGF and control PEG hydrogels. Nonfasting blood glucose ([Fig. 4A](#F4){ref-type="fig"}) was continuously monitored for 5 weeks. Blood glucose values stabilized in most of the individuals by day 15 postoperatively (fig. S3). Average blood glucose levels for islets transplanted with PEG-VEGF to EFP (EFP/PEG-VEGF) were significantly lower than those for islets delivered to SUBQ and SBM using VEGF hydrogels (*P* \< 0.0001 and *P* \< 0.005 for SUBQ/PEG-VEGF and SBM/PEG-VEGF, respectively) ([Fig. 4A](#F4){ref-type="fig"}). A separate study demonstrated stable, long-term euglycemia out to 100 days for islets delivered to EFP with PEG-VEGF gels (fig. S4A), and islet graft removal (*n* = 1) resulted in a return to hyperglycemia, confirming islet graft--dependent function. Additionally, robust insulin staining and proximal CD31-positive blood vessels (fig. S4, B and C) further confirmed long-term EFP/PEG-VEGF islet engraftment and function. Islets transplanted via hydrogel to the EFP outperformed islets transplanted into SUBQ and SBM sites, with 60 and 75% diabetes reversal within 30 days for EFP/PEG and EFP/PEG-VEGF groups, respectively ([Fig. 4C](#F4){ref-type="fig"}), compared to 0% in the same period for intrahepatic controls (fig. S5, A and B). An intraperitoneal glucose tolerance test (IPGTT) evaluated graft responsiveness to bolus glucose 35 days after transplantation ([Fig. 4D](#F4){ref-type="fig"}). Islets delivered via PEG-VEGF and PEG control hydrogels to EFP and SBM sites performed similarly to glucose bolus, indicating sufficient islet engraftment to respond to a single glucose challenge, whereas subjects receiving islets in PEG-VEGF to the SUBQ site exhibited minimal glucose responsiveness, evidencing limited islet engraftment. An insufficient number of SUBQ/PEG subjects survived to the 35-day time point to include in IPGTT and body weight analysis (fig. S6). Subject body weight was monitored continuously for the duration of the study as an additional metric of graft performance ([Fig. 4E](#F4){ref-type="fig"}), and only the SUBQ/PEG-VEGF group exhibited substantial weight loss (5%) by the end point, further illustrating the poorest islet engraftment in this site among all groups.

![Vasculogenic hydrogels promote engraftment and function of single pancreatic donor islet graft.\
Gels containing islets, either with or without VEGF, were delivered to extrahepatic sites. (**A**) Recipients were monitored daily for nonfasting blood glucose values for calculation of average blood glucose (beyond postoperative day 15) (**B**) and survival curve of diabetes reversal (**C**). Graft function was further evaluated by IPGTT on day 35 (**D**) and by monitoring of recipient body weight (**E**). (**F**) Whole-mount imaging of lectin (green)--perfused grafts enabled 3D visualization of engrafted islet vascular network. Error bars represent SEM. Scale bars, 100 μm. *n* = 5 to 8 per group. † versus SUBQ (^†††^*P* \< 0.001, ^††^*P* \< 0.01, and ^†^*P* \< 0.05); \$ versus SBM within the same group (control or VEGF) (^\$\$^*P* \< 0.01). Blood glucose averages were evaluated by one-way analysis of variance (ANOVA), and survival curve analysis was performed using log-rank (Mantel-Cox) test.](1700184-F4){#F4}

To examine functional vascular remodeling of islet grafts delivered with hydrogels, we perfused subjects with labeled lectin at the end point of the study, and whole-mount graft imaging enabled three-dimensional (3D) visualization of functional vasculature (green) and insulin-positive (magenta) transplanted islets ([Fig. 4F](#F4){ref-type="fig"}). Engrafted islets were easily locatable, as the islet organoid vasculature presents as a tight, organized, glomerular-like grouping of dense, lectin-positive blood vessels. The observed density of engrafted islets varied between extrahepatic transplant sites, where the EFP site exhibited numerous vascularized islets, the SBM site displayed intermediate numbers of vascularized islets, and very few vascularized islets were observed in the SUBQ site (fig. S7). Notably, insulin staining for grafts excised at day 35 was exclusively limited to vascularized islets, and no lectin-negative islets were observed. In addition, a higher density of vascularized islets was observed for PEG-VEGF gels, especially for the EFP site (fig. S7). Finally, analysis of normoglycemic subjects transplanted with islets in the EFP via PEG-VEGF gels also showed vascularized islets 100 days after transplantation (fig. S4C). These patterns of islet engraftment and vascularization mirror the functional performance of the grafts, indicating that islet survival, engraftment, and functionality are dependent on integration with transplant site vasculature.

The SUBQ/PEG group experienced the poorest survival (*P* \< 0.05; fig. S6), due to hypoglycemic events occurring within the first week after transplant, which may be partly attributable to an elevated innate immune response and corresponding acute loss of transplanted islets, resulting in rapid insulin release, also referred to as insulin "dumping" ([Figs. 3](#F3){ref-type="fig"} and [4](#F4){ref-type="fig"}) ([@R45]). Together, these results demonstrate transplant site--specific differences in vascularization and inflammatory responses to the hydrogel vehicle and a strong correlation between these responses and islet graft function. Hydrogel-based delivery of a single pancreatic donor mass of islets to the EFP via PEG-VEGF gels resulted in the most consistent and accelerated return to euglycemia in this nonfasting murine diabetic model.

In vivo tracking demonstrates vasculogenic hydrogel--dependent islet survival in extrahepatic sites
---------------------------------------------------------------------------------------------------

The immediate loss of a large proportion of donor islets during intrahepatic infusion requires multiple donors per recipient and presents a significant barrier to the effective and widespread application of islet replacement therapy ([@R34], [@R46]). To directly assess transplanted islet survival in extrahepatic sites following hydrogel-based delivery, we transplanted islets constitutively expressing luciferase (Luc) and green fluorescent protein (GFP) using PEG hydrogels to the SUBQ and EFP sites and tracked them over time using in vivo bioluminescent imaging. NOD-SCID (nonobese diabetic--severe combined immunodeficient) recipients were chosen to prevent immune rejection of Luc^+^GFP^+^ islets from a C57BL/6J;FVB background. Pilot studies with various ratios of Luc^+^GFP^+^/unlabeled islets (a total of 600 IEQs) in immunocompetent C57BL/6J (B6) recipients determined that an optimal loading of 200-IEQ Luc^+^GFP^+^ islets provided sufficient signal to track islet graft survival and loss and confirmed the expected loss in luminescence signal upon immune rejection beginning 21 days after transplantation (fig. S8). To replicate the graft conditions of our syngeneic studies, 400-IEQ B6 islets were codelivered with 200-IEQ Luc^+^GFP^+^ islets to achieve a single pancreatic donor islet mass of 600 IEQs. The islets were delivered to extrahepatic sites in PEG-VEGF or control PEG hydrogels and imaged weekly following intraperitoneal luciferin injection ([Fig. 5A](#F5){ref-type="fig"}). An intrahepatic control group was included to compare extrahepatic hydrogel delivery against the clinical standard for islet transplantation, where islets are infused through the portal vein via a saline solution and become entrapped in hepatic vasculature. Because of the possibility of thrombosis and loss of blood flow within the liver upon injection of hydrogel within the vasculature, no PEG or PEG-VEGF was delivered to the intraportal reference site.

![In vivo bioluminescent islet tracking allows real-time monitoring of islet survival.\
(**A**) Gels containing Luc^+^GFP^+^/B6 hybrid islet grafts, either with or without VEGF, were delivered to extrahepatic sites as demonstrated in the schematic. (**B**) Representative in vivo bioluminescence images. (**C**) Recipients were monitored weekly for bioluminescent signal (left) by intraperitoneal luciferin injection, and cumulative bioluminescent data after day 7 demonstrate significantly enhanced survival in EFP-VEGF group. (**D**) Lectin perfusion at experimental end point allowed visualization of Luc^+^GFP^+^/B6 islet graft \[GFP (green)\] integration with host vasculature \[lectin (magenta)\]. High-magnification images of EFP/PEG and EFP/PEG-VEGF islets illustrate integration of vasculature with islet organoid structure. (**E**) Time-to-peak bioluminescent signal serves as an additional measure of graft vascularization over time. Error bars represent SEM. *n* = 3 to 4 per group. \*\*\*\**P* \< 0.0001, \*\*\**P* \< 0.005, and \*\**P* \< 0.01, evaluated by Kruskal-Wallis nonparametric tests with Dunn's multiple comparison. ^†^*P* \< 0.05 versus SUBQ-PEG, evaluated by one-way ANOVA with repeated measures and Dunnett's multiple comparisons test. Scale bars, 100 μm.](1700184-F5){#F5}

Within 1 week after transplant, we observed a moderate increase in luciferase signal of Luc^+^GFP^+^ islets delivered to the EFP via PEG-VEGF ([Fig. 5](#F5){ref-type="fig"}, B and C), and the signal remained elevated throughout the 35-day imaging window. The signal increase over day 0 readings is attributed to improved metabolic activity of islets after integration with host vasculature (see below). For islets delivered to the EFP using control PEG hydrogel, the luciferase signal remained constant over time but was twofold lower than the corresponding signal from islets delivered using PEG-VEGF hydrogel (*P* \< 0.01; [Fig. 5C](#F5){ref-type="fig"}). Islets delivered to the SUBQ site using PEG-VEGF hydrogel displayed a 16-fold lower signal than EFP/PEG at early time points and a 6-fold lower signal at later time points. Finally, islets transplanted in SUBQ using control gel showed loss in bioluminescence signal over time, reaching background levels after 21 days. Overall, the PEG-VEGF hydrogel vehicle enhanced islet bioluminescence signal compared to the control hydrogel for both transplant sites, and the EFP/PEG-VEGF group showed higher and sustained bioluminescence signal compared to all other groups ([Fig. 5C](#F5){ref-type="fig"}), demonstrating that delivery of islets to EFP via PEG-VEGF provides superior islet survival compared to hydrogel control vehicle and other extrahepatic sites. To further support that this effect is because of improved islet integration, we perfused subjects with labeled lectin at day 35 to examine Luc^+^GFP^+^/B6 islet vascularization ([Fig. 5D](#F5){ref-type="fig"}). Consistent with the syngeneic study, a high density of well-vascularized B6 (GFP-negative) and Luc^+^GFP^+^ islets was observed for islets transplanted into the EFP with PEG-VEGF. In contrast, fewer and poorly vascularized islets were detected in the SUBQ site.

We observed poor bioluminescence signal from intraportally infused islets ([Fig. 5C](#F5){ref-type="fig"}), with a rapid loss in signal by week 2 after infusion. As with extrahepatic sites, an increase in signal was observed at week 1 after infusion and is likely due to a period of improved metabolic activity (fig. S9A). This rapid loss in bioluminescence signal is consistent with the well-documented instant blood-mediated inflammatory response--instigated intrahepatic islet graft destruction ([@R46]) and highlights the significant advantage of extrahepatic sites over intraportal delivery for islet survival. Intrahepatic islet loss was confirmed by whole-mount imaging of lectin and GFP at week 6 after infusion (fig. S9B), where only small, fragmented islets were found within the hepatic vasculature.

We also analyzed the time-to-peak bioluminescence signal after luciferin injection for each imaging time point ([Fig. 5E](#F5){ref-type="fig"} and fig. S10). The rate of bioluminescence signal production serves as an indirect metric of islet vascularization as faster bioluminescence signal kinetics can be attributed to greater islet integration with host vasculature. The EFP/PEG and EFP/PEG-VEGF groups showed a comparable decrease in time-to-peak signal to stable values within 7 days after transplant, suggesting establishment of islet vascularization within this time frame. The SUBQ/PEG-VEGF group decreased to a stable time-to-peak signal by week 2, whereas the SUBQ/PEG group maintained an elevated time-to-peak signal until week 5, providing further evidence that localized VEGF delivery accelerates and enhances site vascularization. Additionally, poor SUBQ site vascularization and subsequent luciferin transport kinetics may explain the 16-fold lower bioluminescence signal observed on day 0. As expected, intraportally infused islets demonstrated rapid times to bioluminescence signal peak throughout the study period due to direct exposure to systemic blood supply within the hepatic vasculature. The EFP/PEG, EFP/PEG-VEGF, and intraportal group demonstrated consistent reduced time-to-peak signal through the study period, significantly less than SUBQ/PEG (*P* \< 0.05, *P* \< 0.005, and *P* \< 0.001, respectively), further evidencing superior islet vascularization within the EFP.

DISCUSSION
==========

Here, we investigated the potential of three extrahepatic sites to sustain islet engraftment and function when delivered in a synthetic hydrogel carrier with or without VEGF and to improve graft survival over the current clinical technique. Although the islet transplantation field broadly recognizes that intrahepatic islet delivery is incompatible with establishing consistent insulin independence, there is a lack of consensus on the optimal extrahepatic site ([@R21]). A unique advantage of this hydrogel platform is the capacity to directly evaluate leading extrahepatic sites in parallel, and the use of a clinically relevant islet loading shows the feasibility of these sites for translation.

The SUBQ site has been repeatedly explored because it is readily accessible, potentially retrievable, and minimally invasive ([@R12], [@R13], [@R15]). However, the low degree of vascularization and heightened immune response in the SUBQ space demonstrated here and in a previous study ([@R13]) indicate that the SUBQ site is poorly suited for islet engraftment. Whereas the use of the SUBQ site is ubiquitous for the evaluation of vascularization strategies for tissue engineering applications, it is evident that the suitability of this site is application- and context-dependent. The SBM has a large, vascularized surface area to potentially accommodate large transplant volumes; however, this site is not readily retrievable without disturbance of the bowel, and the open nature of the site lends itself to potential islet loss into the peritoneal space. By contrast, the murine EFP, and equivalent human omentum, is a highly vascularized and easily manipulated tissue that can enclose delivered islets to create an isolated, retrievable islet graft. Additionally, the omentum is a nonvital organ that can be manipulated laparoscopically, and previous studies support our findings of reduced immune response, despite enhanced islet vascularization, which points to the omentum's superiority over alternative locations ([@R21], [@R27]). These factors, combined with the omentum's high inherent vascularization and advantageous portal drainage ([@R18], [@R47]), support this site's potential for clinically relevant single pancreatic donor islet mass transplantation. This study highlights that careful consideration of transplant site microenvironments, particularly capacity for vasculogenesis and immune milieu, should inform islet graft transplant site selection in the clinical setting.

Our studies demonstrate that VEGF delivery using this synthetic hydrogel enhances islet survival, vascularization, and function. Early preclinical and clinical models exploring bolus or systemic VEGF delivery demonstrated poor outcomes as a therapeutic effect required large doses and resulted in temporary and leaky/dysfunctional vessels ([@R48]). In contrast, we and others ([@R49]--[@R52]) have shown that sustained VEGF delivery from appropriate biomaterial carriers results in stable, mature, and functional vessels. Furthermore, islets themselves secrete VEGF after transplantation ([@R53]), supported by our findings of functional organoid vasculature in PEG-only groups within this study.

Islet autotransplantation after total pancreatectomy uses the intrahepatic site for islet mass delivery from a single pancreatic source, and poor outcomes in the absence of the substantial complications of autoimmunity and immune rejection point to the hostility of the hepatic site ([@R54]). Although the use of syngeneic and immunodeficient mouse models in this study enabled evaluation of islet engraftment and survival in the context of islet autotransplantation after total pancreatectomy, it is unclear how systemic immunosuppression and autoimmunity may contribute to extrahepatic allogeneic islet graft survival and engraftment. The enhanced survival of extrahepatic syngeneic islet grafts observed in our study could translate to greater insulin independence for single pancreatic donor procedures in the context of clinical allogeneic islet transplantation for type 1 diabetes mellitus patients. Further investigations are required to fully elucidate the benefits of extrahepatic allogeneic islet transplantation with the added complexity of autoimmunity and/or systemic immunosuppression. Whereas systemic immunosuppressive agents have been shown to counteract islet revascularization to some degree ([@R55]), it is possible that this VEGF delivery system may counteract this effect by supplementing native islet VEGF expression and thereby potentially enhance islet revascularization in clinical islet transplantation for type 1 diabetes mellitus patients.

In summary, this study demonstrates that the degree of vascularization of an extrahepatic transplant site in response to a biomaterial vehicle plays a key role in islet engraftment, survival, and function and that VEGF delivery via synthetic hydrogels promotes sufficient engraftment of a single pancreatic donor islet mass to restore nonfasting euglycemia in a syngeneic murine model. These results suggest that islet delivery to the omentum within PEG-VEGF hydrogels may improve rates of insulin independence in patients receiving islet autotransplantation after pancreatectomy and may greatly reduce the burden on donor organ availability in allogeneic islet transplantation to treat type 1 diabetes mellitus.

MATERIALS AND METHODS
=====================

Materials
---------

Chemical reagents were purchased from Sigma-Aldrich, cell culture materials were obtained from Invitrogen, and peptides were synthesized by AAPPTec, unless otherwise noted.

Animals
-------

Animal experiments were performed with the approval of the Georgia Tech Animal Care and Use Committee with veterinary supervision and within the guidelines of the *Guide for the Care and Use of Laboratory Animals*. In syngeneic studies, C57BL/6J male mice (10 to 14 weeks old) were used as recipients, and diabetes was induced by intraperitoneal injection of single-dose streptozotocin (200 mg/kg) on preoperative day 5. C57BL/6J female mice (10 to 14 weeks old) were used as islet donors. For the luciferase islet study, B6;FVB-Ptprc^a^ Tg(CAG-luc,-GFP)L2G85Chco Thy1^a^/J female mice (8 to 12 weeks old) were used as donors. NOD-SCID male mice (10 to 14 weeks old) were used as recipients, and diabetes was induced by single-dose streptozotocin injection (180 mg/kg) on preoperative day 5. All mice were obtained from the Jackson Laboratory.

Vasculogenic hydrogels
----------------------

A sterile 5% (final, w/v) solution of a four-arm PEG-maleimide monomer (20 kDa; Laysan Bio) was functionalized with 1.0 mM RGD peptide and VEGF (10 μg/ml) (where applicable) at 37°C for a minimum period of 15 min in gel buffer \[phosphate-buffered saline (PBS), 25 mM Hepes; CellGro\]. A separate cross-linking solution of VPM peptide was prepared in gel buffer. The pH for all solutions was adjusted to 7.0 to 7.5. To generate gels, functional macromers were rapidly mixed with VPM cross-linker at the site of transplant. The peptide sequences are GCRDVPMSMRGGDRCG for VPM and GRGDSPC for RGD.

Vascularization analyses
------------------------

For SUBQ grafts, a small incision was made and sufficient connective tissue was cleared to accommodate a 50-μl gel, and the PEG-RGD and VPM cross-linking components were mixed in situ and allowed to polymerize for 10 min before closure with wound clips. For SBM grafts, a small amount of mesentery adjacent to the cecum was exposed. SBM location was chosen to avoid proximity to pancreatic tissue and for ease of graft location postoperatively. EFP tissue was gently exteriorized on a sterile gauze and spread with saline. Gel components were mixed directly on the surface of the SBM or EFP and allowed to cross-link for 10 min before reinsertion into the peritoneal space. For lectin perfusion, anesthetized mice were given an intravenous lectin injection (200 μl; DyLight 488--labeled lectin, Vector Laboratories) and sacrificed after 15 min; the vasculature was flushed with saline before graft removal and fixation in 10% buffered formalin. Grafts were stabilized between glass slides before whole mount--imaging on a confocal microscope. *Z* stacks of each sample were acquired at 4 to 6 FOV, within five to seven grafts per group. Vascular characteristics were analyzed using ImageJ/FIJI and were calculated to obtain an FOV of 1.59 × 10^6^ μm^2^ (objective, 10×; numerical aperture, 0.3).

Islet engraftment and function in extrahepatic transplant sites
---------------------------------------------------------------

Islets were isolated by pancreatic perfusion with Liberase TL (Roche), for 10 min of digestion at 37°C with gentle shaking and ultrapure (80 to 90%) islet separation from acinar using standard Ficoll gradients (1.108, 1.096, 1.069, and 1.037; Mercodia). Islets were counted using the standard IEQ method and dithizone staining. Two to 3 days after isolation, 600 IEQs were aliquoted in 10 μl of medium and mixed with PEG-RGD gel component just before in situ gelation at the site of transplant. Transplant recipients were monitored for nonfasting blood glucose levels. An IPGTT was performed before sacrifice. At sacrifice, graft recipients were lectin-perfused, as described above. Grafts were additionally stained for insulin (DAKO) using traditional histological techniques with incubation times for permeabilization \[Triton X-100 (1 μl/ml) in PBS\], blocking (goat serum; BioGenex), and antibody staining extended to 24 hours each to allow whole-graft infiltration.

Histological evaluation
-----------------------

Formalin-fixed grafts were paraffin-embedded and sectioned for staining. Standard antigen retrieval in citrate buffer was used before sequential blocking with Power Block (BioGenex) and goat serum (BioGenex). Primary antibodies (CD31, Thermo Scientific; CD11b, Novus Biologicals; CD45, BioLegend; insulin, DAKO) and isotype control antibodies were incubated overnight at 4°C, and secondary antibodies (Invitrogen) were incubated for 2 hours at room temperature with DAPI before mounting. Quantification of markers was performed using FIJI, where CD11b and CD45 staining was evaluated in four to seven subjects per group, where a minimum of three images per subject were averaged.

In vivo islet tracking
----------------------

Islets were isolated from B6;FVB Luc^+^GFP^+^ transgenic (200 IEQs per recipient) and wild-type C57BL/6J mice (400 IEQs per recipient) and transplanted in the SUBQ and EFP sites of NOD-SCID or C57BL/6J recipients. Because of an incomplete backcross in the B6;FVB Luc^+^GFP^+^ transgenic strain, as well as the expression of xenogeneic GFP and luciferase proteins, NOD-SCID recipients were used to prevent islet rejection. Intraportal islets were slowly infused using 200 μl of saline through the duodenum mesenteric vein, which drains to the hepatic portal vein. Bioluminescence was detected by kinetic monitoring of signal (3-min intervals) after beetle luciferin (Promega) injection under anesthesia, until peak signal was reached, on an IVIS SpectrumCT (PerkinElmer) every week until the end point of the study. Hyperglycemic mice received 4 U of insulin (NovoLog) before imaging. Total flux per graft was measured over a 2-cm-diameter circular region of interest drawn around each graft for quantitative measurements. At sacrifice, graft recipients were lectin-perfused (200 μl; DyLight 649--labeled lectin, Vector Laboratories), as described above, with the exception of formalin fixation. Grafts were placed in saline on ice for immediate whole-mount imaging by confocal microscopy to preserve native GFP expression.

Statistics
----------

All statistical analyses were performed in Prism software (GraphPad). Vascularization metrics, blood glucose data (temporal, \>15 day average, and IPGTT), body weights, and bioluminescence data are presented as means ± SEM. For characterization of vascularization metrics, leukocyte quantification, and bioluminescence quantification, Kruskal-Wallis nonparametric tests with Dunn's multiple comparison of select groups were used for all analyses. Nonparametric two-tailed Spearman correlation analysis for CD11b and CD45 markers plotted against vascular fractional area. Syngeneic blood glucose averages (\>15 day) were analyzed by one-way ANOVA. Blood glucose comparison between EFP/PEG-VEGF and intraportal graft performance by two-tailed unpaired *t* test. Time-to-peak curves were analyzed by one-way ANOVA with repeated measures and by Dunnett's multiple-comparisons test against SUBQ/PEG. Survival curve analysis was performed using log-rank (Mantel-Cox) test.
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